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Abstract

Photoluminescence (PL) is investigated as a function of the excitation intensity and temperature for lattice-matched
InGaAs/InAlAs quantum well (QW) structures with well thicknesses of 7 and 15 nm, respectively. At low temperature,
interface fluctuations result in the 7-nm QW PL exhibiting a blueshift of 15 meV, a narrowing of the linewidth
(full width at half maximum, FWHM) from 20.3 to 10 meV, and a clear transition of the spectral profile with
the laser excitation intensity increasing four orders in magnitude. The 7-nm QW PL also has a larger blueshift
and FWHM variation than the 15-nm QW as the temperature increases from 10 to ~50 K. Finally, simulations
of this system which correlate with the experimental observations indicate that a thin QW must be more affected by
interface fluctuations and their resulting potential fluctuations than a thick QW. This work provides useful information
on guiding the growth to achieve optimized InGaAs/InAlAs QWs for applications with different QW thicknesses.
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Background
In the past three decades, In(Ga)As/InAlAs quantum
heterostructures grown on the InP surface have been ex-
tensively studied both experimentally and theoretically
[1–5]. The InGaAs/InAlAs/InP quantum well (QW) het-
erostructures, including single quantum wells, multiple
quantum wells, and superlattices, have special advan-
tages for applications in long-wavelength optical com-
munications as well as high-speed electronic and
photonic devices [6–10]. First, the band structure and
band offset of the InGaAs/InAlAs QW heterostructures
can be flexibly tailored for different application purposes
by varying either the composition or the thickness of the
InGaAs active layer and the InAlAs barrier layer accord-
ingly [11, 12]. Second, the wavelength of InGaAs/InAlAs

QW inter-band transitions can cover the standard 1.31-
and 1.55-μm optical communication wavelengths [13].
Third, the large conduction-band offset of the InGaAs/
InAlAs system enables a strong electron confinement
and subsequently a high-temperature stability and a high-
speed modulation capability for InGaAs/InAlAs devices
[14, 15]. This makes these structures very attractive and
suitable for quantum cascade lasers, inter-subband detec-
tors, and devices based on nonlinear optical properties
[16–18]. In addition, the small electron effective mass, the
small band gap, and the high electron mobility of InGaAs
alloys are important for the development of high electron
mobility transistors, high-speed detectors, modulators,
and THz emitters [19–22].
Although InGaAs/InAlAs QW heterostructures possess

special advantages for applications in long-wavelength and
high-speed optoelectronic devices, they are very sensitive
to alloy and interface fluctuations which can strongly
affect the optical properties and performance of any
resulting devices [23–25]. It is very necessary to acquire
more detailed experimental data in order to precisely
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control the optical properties of the InGaAs/InAlAs QW
heterostructures. In this letter, we carefully study the
InGaAs/InAlAs interface effects by comparing the optical
properties of two InGaAs/InAlAs/InP QWs with thick-
nesses of 7 and 15 nm. Interface fluctuation effect is evalu-
ated by the evolution of the excitation intensity-dependent
as well as temperature-dependent photoluminescence
(PL) spectra. Finally, modeling of the QW band structure
with varied thickness and alloy composition is presented
to reveal the mechanisms underlying the PL observations.
The modeling combined with PL measurements provides
very useful information on guiding the growth to achieve
optimized InGaAs/InAlAs QWs for applications with dif-
ferent QW thicknesses.

Methods
Two QW samples were grown by molecular beam epitaxy
(MBE) on the same day on two separate quarter pieces of
the same 2-in semi-insulating InP(100) substrate at a
growth temperature of 510 °C. The sample consisted of a
lattice-matched In0.53Ga0.47As single quantum well
(SQW) with nominal well widths of 7 or 15 nm. The
InGaAs QW is sandwiched between a 70-nm In0.52A-
l0.48As barrier on the top and an 80-nm In0.52Al0.48As buf-
fer layer underneath. In order to protect the top InAlAs
layer from oxidation, a 3-nm lattice-matched InGaAs layer
was grown as a final cap on top of the samples. For refer-
ence, one 300-nm InGaAs sample and one 300-nm InA-
lAs sample were also grown to calibrate the ternary alloy
composition and lattice-match condition.
After growth, all samples showed mirror-like surface,

and we did not observe haziness or cross-hatching under
a Normaski microscope. Then, the QW samples were
characterized by XRD and PL. For PL measurements,
the samples were mounted in a closed-cycle cryostat
(Janis CCS-150) with temperature variable from 10 to
300 K and excited by a 532-nm continuous-wave (CW)
laser. The PL signal was detected by a liquid nitrogen-
cooled CCD detector array (Princeton Instruments
PyLoN: 1024-1.7) attached to a 50-cm focal-length spec-
trometer (Acton 2500).

Results and Discussion
The XRD ω/2θ (004) scan was measured for both QW
samples and the two reference samples. As shown in
Fig. 1a, the compositions were calibrated to be
In0.533Ga0.467As for the QW active layer and to be
In0.572Al0.428As for the barrier. Additionally, the QW
thickness obtained from the simulation of XRD curves in
Fig. 1b, c are 7.06 and 15.23 nm, respectively. The XRD
measurements also show a very narrow (FWHM ≅
20 arcsec) and strong peak from the InP substrate for
all samples, which together with the epi-layer peaks

indicate the good quality of InGaAs QW and InAlAs
barrier layers.
Photoluminescence spectra for the two QWs, the

InGaAs, and the InAlAs reference samples, as well as an
InP(100) substrate measured at 10 K with a laser inten-
sity of 0.1 W/cm2, are plotted in Fig. 2a for comparison.
It can be seen that the QW emission shifts from
0.829 eV to a higher energy of 0.889 eV as the thickness
decreases from 15 to 7 nm. This is as expected for a
confined InGaAs/InAlAs QW system and allows the
discrete energy level to be flexibly tailored in a broad
range by only varying the well thickness. Meanwhile, we
did not observe PL emission from the InAlAs barrier
materials for either QW sample, indicating fast carrier
relaxation into the QW from the InAlAs barrier layer
due to the large conduction-band offset of the InGaAs/
InAlAs QW system. The PL peak from the InGaAs ref-
erence sample is observed at 0.772 eV, which has a blue-
shift of ~31 meV from the well-recognized InGaAs
bandgap (~0.803 eV) at 10 K [26]. It is likely due to the
small lattice mismatch and the residual strain in the
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Fig. 1 The X-ray diffraction results for a the bulk InAlAs and InGaAs
reference samples, b the 7-nm InGaAs/InAlAs QW, and c the 15-nm
InGaAs/InAlAs QW. The solid curve is the experimental data and the
dash curve is the simulation results
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InGaAs epi-layer. In particular, the InGaAs reference
sample shows a very narrow (FWHM ~6 meV) PL peak,
indicating stable MBE growth conditions and very uni-
form composition distribution for the InGaAs ternary
alloy epi-layer.
The QW PL spectra are analyzed more closely in

Fig. 2b. Both samples exhibit anisotropic spectral profile.
The spectra are fitted well with a double Gaussian pro-
file. The stronger, higher energy peak in each sample is
attributed to the free exciton transition (E1-H1) in the
QW from the ground state of the electrons (E1) to the
ground state of the holes (H1). The smaller peaks in
each sample are attributed to localized excitons which
exhibit slightly lower energies due to potential modula-
tions inside the InGaAs and InAlAs alloys or at the
InGaAs/InAlAs interface [25, 27, 28].
Both the imperfect hetero-interface and the composition

modulations in ternary alloys that constitute the InGaAs
QW and InAlAs barriers would lead to fluctuations in the

confinement potential and may trap excitons in the local-
ized potential minimum [28–30]. If the localized excitons
are due to the composition modulations inside the
InGaAs or InAlAs ternary alloys, considering the identical
growth condition, the localized potential minimum and
localized excitons should give similar PL performance for
both QW samples. However, on the contrary, we observe
that the localized exciton emission weights larger for the
7-nm QW. Its integrated PL intensity ratio (R = 0.35) be-
tween the localized exciton peak to the free exciton peak
is larger than that of the 15-nm QW (R = 0.08). Therefore,
we believe that the localized excitons are mainly the result
of imperfect interfaces. An increase of the potential fluctu-
ation due to the interface roughness has been observed as
the well thickness decreases. At the same time, with the
reduction of the QW thickness, a deeper penetration of
the carrier wave functions occurs into the InAlAs barrier,
presenting larger compositional disorder through the
interface [28]. Additionally, the 7-nm QW has a broader
linewidth (FWHM= 17.5 meV) than that of 15-nm
QWs (FWHM= 13.7 meV) on the localized exciton
peak, which also indicates that the 7-nm QW is af-
fected more by the interface roughness fluctuations
and compositional disorder.
We then study the two QWs carefully via excitation-

dependent PL measurements at low temperature (T =
10 K). Figure 3a,b present PL spectra of the two QW
samples, respectively. For convenience, each spectrum
is normalized according to the maximum PL intensity
and shifted up. The PL peak energy, FWHM, and in-
tegrated intensity of both QW samples are extracted
and plotted in Fig. 3c–e as a function of the excita-
tion intensity. Of particular importance here is that
the PL from the 7-nm QW exhibits a large shift of
15 meV to higher energy as the laser intensity in-
creases from 0.01 to 100 W/cm2. Then, its PL peak
energy remains relatively stable for laser intensities
between 100 and 3000 W/cm2. In comparison, PL
peak energy of the 15-nm QW is stabilized at
0.829 eV for five orders of magnitude in laser inten-
sity increasing from 0.01 to 3000 W/cm2, as shown in
Fig. 3c.
The profile of the PL spectra from the 7-nm QW also

undergoes a transformation with increased excitation in-
tensity, as indicated by Fig. 3a and its inset. Under a
weak excitation of 0.01 W/cm2, it starts from an
asymmetric shape with the free exciton peak at the
higher-energy side and the localized exciton peak at the
lower-energy side. As the excitation increases from 0.01
to 10 W/cm2, the spectrum gradually becomes symmet-
ric, and finally, a perfect Gaussian peak is visible. At the
same time, the FWHM narrows from 20.3 to 10.0 meV,
as shown in Fig. 3d. After that, the PL spectra become
asymmetric again but with a shoulder on the higher-
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Fig. 2 a The PL spectrum measured at 10 K with a laser intensity of
0.1 W/cm2 for the 7-nm QW, the 15-nm QW, the bulk InGaAs, and
InAlAs reference samples; b the two-peak Gaussian fitting analysis
for the PL spectrum of the 7-nm QW and the 15-nm QW to show
the localized exciton emission and free exciton emission
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energy side. These features can be explained very well by
the filling effect of the localized exciton at low excitation
and a free exciton energy state at high excitation inten-
sity [25, 28]. At very low excitation powers, the lowest
localized excitons are preferentially populated, so a lower
energy shoulder is clearly observed to correlate with the
localized exciton emission. Then, they are filled with in-
creased excitation intensity and quickly get saturated be-
cause the state density of localized excitons is much
lower in comparison with that of the free excitons. After
the localized excitons become saturated, the free exciton
emission remains and increases with increasing excita-
tion intensity. This finally becomes the dominant PL sig-
nal, exhibiting a narrow peak with symmetric Gaussian
profile. However, with further increased excitation inten-
sity, the PL again becomes asymmetric, broadening to
higher energies due to excited states of the QW. In con-
trast, the PL spectra of the 15-nm QW also starts with
an asymmetric shape but less localized exciton emission.
It turns into a symmetric profile at 0.3 W/cm2, which is
a much smaller excitation intensity than that for the 7-
nm QW. Furthermore, the FWHM changes very little
until the laser intensity finally exceeds 10 W/cm2, and
the excited states of the QW become evident, broaden-
ing the peak to higher energy.
The excitation intensity-dependent PL measurements

indicate that the narrower the QW, the greater the effect
of localized excitons are on the QW optical properties.

Figure 3a, b indicate the coexistence of the free exciton and
localized exciton for both QWs, although the free exciton
emission could be much stronger than the localized exci-
tons. For the 7-nm QW, the initial blueshift of the PL peak
energy with increasing laser intensity is a result of the grad-
ual filling of the localized exciton states caused by interface
imperfections. The variation of the FWHM also confirms
the change from the very broad spectra of the localized ex-
citons to the narrow-band spectra of the free excitons, as
shown in Fig. 3d. For the 15-nm QW, the density of the
free exciton levels in the QW is very high. The localized ex-
citon states are much weaker than the free excitons, and
the emission from localized excitons contributes only
slightly to the PL emission. Therefore, it is hard to observe
the filling effect of the localized exciton levels and the re-
lated large blueshift and narrowing of the PL peak.
We also see in Fig. 3e that the integrated PL intensity

of the 7-nm QW is slightly stronger than that of the 15-
nm QW under weak excitation, followed by a crossover
when the laser intensity increases above ~1 W/cm2. It
reveals that the PL intensity is not simply proportional
to the QW volume in the experiments. This may be
understood by considering that in both QWs, there are
two general channels for relaxation of the excitation, the
localized state and the free state of the exciton. Using a
532-nm CW laser for excitation, the photo-induced car-
riers are mainly generated inside the InAlAs barrier layer
instead of directly inside the InGaAs QW. If we assume
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that under the same excitation intensity, the same
amount of carriers are generated in the InAlAs barrier
layer and then diffuse into the well in both samples, we
would simply assume that more carriers would be cap-
tured by the 15-nm QW than the 7-nm QW due to the
larger size, deeper ground state, and therefore larger
captured cross-section. However, it is apparent from
Fig. 3a, b that at low power, there are more carriers in
the localized exciton states in the 7-nm QW and more
carriers in the free exciton state in the 15-nm QW. Due
to the larger oscillator strength of the localized exciton
(3-dimensional confinement) compared to the free ex-
citon (1-dimensional confinement) [31–33], the emission
from the localized exciton is stronger than that from the
free excitons, i.e., the 7-nm QW has stronger PL than
the 15-nm QW under weak excitation condition. But, at
much higher excitation intensities, the 7-nm QW is pre-
dominantly saturated of emissions from both localized
exciton and free exciton states; the 15-nm QW, as ex-
pected, has stronger PL than the 7-nm QW. Therefore,
we observe a crossover of the integrated PL intensity
when the laser intensity increases to a certain level.
Figure 4a, b show the results of temperature-dependent

PL spectra for the two QW samples for which the results
appear to be very different for each sample. First, in Fig. 4c,

we can see that the FWHM of the 15-nm QW increases
monotonically, while the FWHM of the 7-nm QW
decreases first and then increases as the temperature
increases from 10 to 110 K. Second, as the temperature
increases, in Fig. 4d, both samples initially exhibit a shift
of the PL peak to higher energy, up to a maximum
shift at ~50 K. However, the maximum blueshift is
4.5 meV for the 7-nm QW and only 0.7 meV for the 15-
nm QW. As the temperature increases higher from 50 to
110 K, the PL peaks of both QW samples shift to lower
energies, although it can be seen that the redshift is faster
for the 7-nm QW than the 15-nm QW.
Similar anomalous behavior of the PL peak energies

with increasing temperature have been found in other
InGaAs/InAlAs QWs in the lower temperature range
[34, 35]. It has been explained by the presence of a band
tail in the density of state (DOS) due to potential fluctu-
ations resulting from interfaces in the QWs. When the
localized excitons are photo-generated in the QWs with
potential fluctuations, some of these excitons, after
relaxing through interactions with phonons, will be lo-
cated at the minimum of the confining potential at low
temperatures. As the temperature increases, the exci-
tonic population starts to gain thermal energy, reaches
higher energy states, and spreads over the density of
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states. This causes an apparent shift of the PL peak to
higher energies (blueshift), as observed in Fig. 4d. For
even higher temperatures, the thermal energy decom-
poses a great part of the localized excitons and the shift
of the PL peak to lower energies (redshift) prevails, dic-
tated by the thermal dependence of the band gap, which
in turn is induced by electron-phonon interaction and
lattice thermal expansion.
In order to understand the mechanism of carrier ther-

mal quenching in this system, we fit the experimental
data of the integrated PL intensity by using the Arrhe-
nius relation involving two processes [27, 34, 35]:

I Tð Þ ¼ Io= 1þ C1 exp −E1=kTð Þ þ C2 exp −E2=kTð Þ½ � ð1Þ

where T is the measured temperature, I(T) is the inte-
grated PL emission intensity, I0 is a variable parameter, k
is Boltzmann’s constant, C1 and C2 are the ratios of non-
radiative to radiative recombination probabilities for the
two loss mechanisms, and E1 and E2 are the thermal ac-
tivation energies, and here, the indices, 1 and 2, indicate
the constants governing the emission in the low- and
high-temperature regimes, respectively. E1 generally cor-
responds to the binding energy or detrapping energy of
carriers, while E2 generally corresponds to the energy
difference between discrete energy levels or from the
discrete energy level to the continuum energy state that
is required by the carrier to jump out of the quantum-
confined energy state. The best fits yield the activation
energies for both QW samples.
The Arrhenius fits are plotted in Fig. 4e along with the

experimental data, and the activation energies generated
from the fits are tabulated correspondingly in the plots.
Here, we find that the 7-nm QW appears to have small
activation energy for both E1 and E2, indicating that the
localized carrier’s PL quenching are dominant for the 7-
nm QW sample under weak excitation condition. In par-
ticular, the small activation energy E2 indicates that it
does not correspond to the energy difference between
discrete energy levels or from the discrete energy level
to the continuum energy state but probably corresponds
to the small energy that is required by localized carriers
to jump out to enter the free exciton states. This as-
sumption is tested later in Fig. 5f by measuring E2 with
increasing excitation intensity. In comparison, the 15-
nm QW has a larger high-temperature activation energy,
E2 = 25.3 meV, indicating carriers are swept out of the
QW during the thermal quench process. The different
activation energies testify that these two QWs have dif-
ferent thermal quenching mechanisms.
Figure 5a–c further study the temperature-dependent

PL for the 7-nm QW at different laser excitation inten-
sities of 1, 10, and 100 W/cm2, respectively. Figure 5d
shows the behavior of the PL peak energy as a function

of temperature for each intensity. When the excitation
intensity increases, the maximum blueshift and the
temperature at which that maximum blueshift is ob-
tained are changed. For weaker excitation intensities, the
maximum blueshift is larger. We have already seen in
Fig. 3a that the PL blueshifts with power throughout
most of the studied range due to filling of the broadly
distributed localized states. The data from Fig. 5 indicate
that the temperature-dependent shift follows the same
trend and therefore is due to the same mechanism.
The different performance of FWHM as a function of

temperature under different excitation intensity is shown
as Fig. 5e. According to the previous analysis in Fig. 3,
the 7-nm QW emits primarily through the free exciton
state for excitation intensities in the range of 10 to
100 W/cm2. In Fig. 5e, it can be seen that the FWHM
under excitation intensities of 10 and 100 W/cm2 follow
approximately the same trend. With the temperature in-
creasing, the kinetic energy of the free exciton increases,
leading to larger FWHM. However, at the excitation in-
tensity of 1 W/cm2, the FWHM first narrows as the
temperature increases from 10 to 50 K, because localized
excitons occupy a broad distribution of inhomogeneous
fluctuations and become thermally excited into the nar-
rower distribution of the free exciton state. After that,
the FWHM keeps growing as the temperature increases
similar to the high-power situation.
Figure 5f shows the Arrhenius plot at each excitation

intensity to investigate the PL quenching behavior. Here,
we find, similar to the blueshift, that the thermal
quenching characteristics of the 7-nm QW with high-
power excitation resembles that of the 15-nm QW under
low-power excitation. The activation energy increases
from E2 = 5.4 meV to E2 = 30.5 meV with increasing ex-
citation laser intensity from 1 to 100 W/cm2. As a result,
we can conclude, again, that the main channel for re-
combination under high-power excitation is through the
free exciton state for the 7-nm QW.
In order to completely understand the mechanisms

underlying the PL observations, we calculate the
InGaAs/InAlAs QW band structure using an eight-band
k·p model in the Nextnano software based on the de-
tailed structural information obtained from the XRD.
The QW thickness is taken with the designed 7 and
15 nm. The material parameters for the calculations are
taken from the review article [36] and evaluated at
10 K. To calculate the band profile, we neglected the
strain caused by the small mismatch between the
In0.53Ga0.47As QW layer and the In0.52Al0.48As barrier
layer.
The band profiles of InGaAs/InAlAs QWs with thick-

nesses of 7 and 15 nm are computed as shown in Fig. 6a.
It can be seen that the calculated E1-H1 emission ener-
gies match the experimental results very well. In
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particular, the calculated E1-H1 transition of 0.897 eV
(7-nm QW) at 10 K (Fig. 6a) coincides well with the
measured PL peak energy under excitation of 10I0
(Fig. 5b). This coincidence also supports the observed
turning point of FWHM at ~10I0 for both samples
(Fig. 3d), suggesting that the ground state is fully filled
at ~10I0 and broadening of PL peaks at higher excitation
densities are caused by filling of excited states. The com-
parison of these calculations with the PL spectra also
confirms that the band structure of InGaAs/InAlAs QW
can be easily tailored by adjusting the QW thickness. By
decreasing the thickness from 15 to 7 nm, both E1 in
the conduction band and H1 in the valence band of the
InGaAs QW shift accordingly, leading to an increased
E1-H1 emission from 0.839 to 0.897 eV.
In Fig. 6b, c, the calculated E1-H1 emission energies are

shown as functions of the QW thickness while incorporat-
ing a variation of ±2% in the indium composition of both
the InGaAs QW (Fig. 6b) and the InAlAs barrier (Fig. 6c).
By examination of these calculations, several conclusions
can be extracted. First, In-composition variation in the
InGaAs QW has much more effect on E1-H1 transition
energy than it does in the InAlAs barrier. For example, for
the 7-nm QW, 2% In-composition variation in the InGaAs
QW gives an energy change of ΔE(±2%InGaAs) =

21.5 meV, while it is only ΔE(±2%InAlAs) = 4.8 meV for 2%
In-composition variation in the InAlAs barrier. Second, for
the same In-composition variation in the InGaAs layer, the
thin QW has less change on the E1-H1 transition than the
thick QW. The calculation indicates that, for 2% In-
composition variation in InGaAs layer, the 7-nm QW has
a shift of ΔE(±2%InGaAs) = 21.5 meV for the E1-H1 transi-
tion in comparison with that of ΔE(±2%InGaAs) = 28 meV
for the 15-nm QW. Third, for the same amount of thick-
ness fluctuation, the E1-H1 energy of the thin QW changes
more than that of the wide QW. The calculated plot shows
an energy variation of ΔE(7 ± 0.25 nm) = 8 meV for a thick-
ness fluctuation of 0.25 nm (~1 ML) for the 7-nm QW,
but it is ΔE(15 ± 0.25 nm) = 1.3 meV for the 15-nm QW.
Therefore, the composition fluctuations inside the InGaAs
layer have a stronger effect on the optical properties for
the wide QW, but thickness fluctuations of the InGaAs
layer have a stronger effect on the narrow QW. Also, com-
position fluctuations in the InGaAs affect the wide QWs
more than they do the InAlAs barrier [37].
By comparing the calculated curves with the PL re-

sults, we speculate that the optical performance of the
7-nm QW is affected more by the interface fluctuation
in comparison with the 15-nm QW, although both QW
samples may have the same interface roughness or

0.86 0.88 0.90 0.92
0.0

0.5

1.0

1.5

2.0

2.5
(b)

P
L 

In
te

ns
ity

 (
a.

u.
)

Photon energy (eV)

10 x I
0

40K
50K
60K
70K

80K
90K

100K
110K
120K
130K
140K
150K

30K
20K

10K

0.86 0.88 0.90 0.92
0.0

0.5

1.0

1.5

2.0

2.5
(c)

40K
50K

60K
70K

80K
90K

100K
110K
120K
130K
140K

150K

30K
20K

P
L 

In
te

ns
ity

 (
a.

u.
)

Photon energy (eV)

 100 x I
0

10K

0.86 0.88 0.90 0.92
0.0

0.5

1.0

1.5

2.0

2.5

P
L 

In
te

ns
ity

 (
a.

u.
)

Photon energy (eV)

I
0(a)

40K
50K
60K
70K

80K
90K

100K
110K
120K
130K
140K

150K

30K
20K

10K

0 30 60 90 120 150
-10

-5

0

5

10
(e)

 100 I
0

 101 I
0

 102 I
0

Temperature (K)

D
el

ta
 F

W
H

M
 (

m
eV

)

0 30 60 90 120 150
-20

-10

0

10

Temperature (K)

 100 I
0

 101 I
0

 102 I
0

(d)

D
el

ta
 P

ea
k 

E
ne

rg
y 

(m
eV

)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

101

102

103

104

105

106

                   102 I
0

E
1
=5.8 meV  E

2
=30.5 meV

                   101 I
0

E
1
=4.5 meV  E

2
=17.1 meV

            100 I
0

E
1
=3.0 meV  E

2
=5.4 meV

In
te

gr
at

ed
 in

te
ns

ity
 (

a.
u.

)

1/KT

(f)

Fig. 5 Temperature-dependent PL for the 7-nm QW. The PL spectra as a function of temperature with different excitation intensity of a I0 = 1 W/
cm2, b 10 W/cm2, and c 100 W/cm2. d Change of PL peak energy as a function of temperature, e change of FWHM of PL spectra as a function of
temperature, and f integrated PL intensity of PL spectra as a function of temperature

Wang et al. Nanoscale Research Letters  (2017) 12:229 Page 7 of 9



composition fluctuations. In general, there are always
interface fluctuations and interface intermixing during
the epitaxial growth of compound semiconductor
heterostructures. In this case, a better understanding of
the role played by the fluctuations of QW thickness,
and composition on the optical properties of the
InGaAs/InAlAs heterostructures, is highly desirable
for optimizing the device performance [38, 39]. Based

on our experimental observation and simulations, it is
very important to obtain smooth, abrupt interfaces
for achieving high-quality QW structures. Depending
on the application and desired thickness of the
InGaAs/InAlAs structures, we should select a differ-
ent approach to optimize the growth conditions in
order to achieve the best quality QW. In order to get
high-quality thick QWs, suppressing the composition
drift or composition separation inside the QW will be
the best choice. In order to get high-quality narrow
QWs, however, more attention should be paid for
obtaining smooth, abrupt InGaAs/InAlAs interfaces.

Conclusions
Interface fluctuation effects have been investigated for
the lattice-matched InGaAs/InAlAs single QWs with
well widths of 7 and 15 nm. The excitation intensity-
dependent PL shows that the 7-nm QW has a large,
15 meV, blueshift of the PL peak energy as the laser exci-
tation intensity increases from 0.01 to 100 W/cm2.
Temperature-dependent PL shows that the PL peak en-
ergy of the 7-nm QW sample displays a blueshift at first
and then a redshift with increasing temperature, where
the magnitude of the blueshift depends on the laser exci-
tation intensity. The lower the laser excitation intensity,
the greater the blueshift. These observations are ex-
plained by the localized fluctuations at the InGaAs/InA-
lAs interface. The experimental and calculated results
indicate that the thinner QWs are affected more by
interface fluctuations, in particular, by the thickness fluc-
tuation but not the composition fluctuation. This work
indicates that it is very important to optimize the inter-
face for achieving high-quality InGaAs/InAlAs QW het-
erostructures. We should select different approaches to
optimize the growth to achieve the best quality QWs
based on different thicknesses of the designed InGaAs/
InAlAs structures.
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